Figure 52. A model of the myoglobin molecule based on X-ray crystallographic
data. We can deduce from the dimensions of this model, and from the known
number of amino acid residues in myoglobin, that certain portions of the poly-
peptide chain of myoglobin must be coiled to form an internal secondary struc-
ture. The gray disk-like structure shown in the photograph represents the
porphyrin prosthetic group, and the light- and dark-colored spheres represent
heavy-metal derivatives which were attached to the protein to facilitate analysis
of the diffraction data. Dr. J. C. Kendrew of the University of Cambridge
kindly furnished this photograph.
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chapter 5

PROTEIN STRUCTURE

The study of the internal structure of proteins in the
crystalline form by means of X-ray crystallography indicates a well-
defined arrangement of atoms, more or less “frozen” into a definite
pattern which is the same for each molecule in the crystal. The
crystallographer thus obtains a picture of the structure of a protein
which is rigid and essentially invariant (Figure 52). From the
purely chemical point of view such a picture is completely satisfac-
tory. In living cells, however, proteins are not in the solid state but
are dissolved in the intracellular fluid and can be shown to be in a
constant state of minor rearrangement in response to shifting hydro-
gen ion concentrations and salt levels and to reversible adsorption to
intracellular surfaces.

In considering such fluctuations it is convenient to think of the
chemical fabric of proteins in terms of three distinct categories, chris-
tened by K. Linderstrgm-Lang—primary, secondary, and tertiary
structure. The term primary structure refers to the fixed amino acid
sequence of the polypeptide chain (or chains) making up the back-
bone of the molecule. This category also includes those covalent
bonds that form fixed sites of cross-linkage such as the disulfide
bonds between half-cystine residues and the phosphate diester link-
ages of certain phosphoproteins.

The concept of secondary structure is based, to a large extent, on
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Figure 53. The dimensions of a
fully extended polypeptide chain
< as derived from X-ray crystallo-
5 graphic data. From R. B. Corey

and J. Donahue, J. Am. Chem.
Soc., 72, 2899 (1950).

the relatively recent discovery of helical coiling in proteins, stabilized
by hydrogen bonds between the amide (CONH) linkages of the
chain. A number of helical arrangements of the polypeptide chain
may be constructed with atomic models which fit the geometrical
restrictions imposed by the bond angles and interatomic distances
that have been determined by the X-ray crystallographer on low mo-
lecular weight substances such as di- and tripeptides (Figure 53).
These various models differ in respect to the number of amino acid
residues per turn of helix, in the pitch of the helical screw, and in the
amount of unfilled space left within their centers. Of all the helices
that have been seriously considered as components of protein struc-
ture, the so-called o-helix appears to be the most probable. In this
structure the maximum number of intrahelical hydrogen bonds are
formed between the CONH linkages, and the structure is conse-
quently a fairly stable one. Perhaps most important, the atoms com-
prising the peptide bond fall in one plane without strain. The like-
lihood of such a planar configuration is high as judged from crystal-
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Dimensions of an a-helix

Formation of ¢y N c D8
a-helix from
linear chain 8 N

Figure 54. A schematic representation of the process of coiling an extended poly-
peptide chain into the a-helical configuration. Redrawn from L. Pauling and
R. B. Corey, Proc. Intern. Wool Textile Research Conf., B, 249 (1955).
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lographic studies of model peptides like that shown in Figure 53.
Figure 54 illustrates the way in which the extended, “B-keratin” form
of the polypeptide chain is coiled into the e-helical configuration.
Each amide group is linked to the third amide group beyond by a
hydrogen bond. A complete turn of the helix contains 3.7 amino
acid residues, each residue contributing 1.47 A. of linear translation
along the central axis. The pitch of the “screw” is thus 5.44 A.
Recent physicochemical studies on proteins and polypeptide
model substances have shown that, in spite of the stabilization given
by the internal hydrogen bonds, the helical structure is not suffi-
ciently stable to exist in solution but unfolds into a random, disori-
ented strand. Stabilization of the helical coiling requires the pres-
ence of disulfide bridges and/or tertiary structure, and it is probable
that only those parts of proteins which are properly anchored by such
bonds can maintain the helical configuration. Tertiary bonds in-
clude such examples as the van der Waals interactions, the agglom-
eration of lyophobic side chains by mutual repulsion of solvent, and
such special hydrogen bonds as might exist between the hydroxyl
groups of tyrosine or the e-amino groups of lysine and electronegative
groups elsewhere along the chain (Figure 55). The variations, re-
versible and irreversible, that are possible in the secondary and ter-
tiary structure of proteins are, basically, functions of the primary,

Figure 55. Some types of noncovalent bonds which stabilize protein structure:
(a) Electrostatic interaction; (b) hydrogen bonding between tyrosine residues
and carboxylate groups on side chains; (c) interaction of nonpolar side chains
caused by the mutual repulsion of solvent; (d) van der Waals interactions.
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covalent structure of the protein, which is fixed and invulnerable to
modification by ordinary environmental fluctuations, Thus, a real
understanding of the physicochemical behavior of a protein in solution
must depend on a detailed knowledge of its structure in the organic
chemical sense.

To appreciate our present state of knowledge we must attempt to
view the problem from the position occupied by protein chemistry
some fifteen years ago. In spite of a large body of rather precise
data dealing with the behavior of proteins in solution, there existed a
sort of mystical aura around macromolecular structures arising, for
the most part, from the almost complete absence of accurate informa-
tion on amino acid content and arrangement. The necessary back-
ground for the modern approach was provided when Fred Sanger
and his colleagues! undertook the study of the insulin molecule and
demonstrated that there existed, in the structural analysis of at least
one protein, no insuperable chemical difficulties. The confidence en-
gendered by Sanger’s accomplishments and the techniques he em-
ployed have led to similar structural attacks on a number of other
proteins during the past five years. This accumulated experience
has now brought us to a point where we may, with good expecta-
tions of success, undertake the elucidation of the structure of nearly
any protein whose molecular weight is within reasonable limits. At
the present time, for example, complete sequential formulas are avail-
able for the insulins and adrenocorticotropic hormones of several
species, for bovine glucagon, and for the melanocyte-stimulating hor-
mones of pig and beef pituitary glands. The sequences of several
enzymes, including ribonuclease, papain, and lysozyme, should be
completed within a relatively short time, and many other biologically
active proteins are under study in a number of laboratories.

Although it is outside the scope of this book to discuss, with any
degree of completeness, the methodology involved in the determina-
tion of the sequence of amino acids in polypeptide chains, some con-
sideration of this subject will be of interest. In the following sum-
mary we shall assume the availability of protein samples of proven
homogeneity. A specific consideration of the heterogeneity of indi-
vidual proteins, and of the implications of heterogeneity with regard
to protein synthesis and genetics,. will be made in subsequent
chapters.

For reasons of personal familiarity with the protein, I have chosen
as a model substance for the discussion of methodology the enzyme
ribonuclease. This enzyme, which has been found in all cells tested
so far, catalyzes a transphosphorylation reaction which leads to the
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Figure 56. A synthetic material which is hydrolyzed by ribonuclease.

hydrolysis of certain phosphate diester linkages in ribonucleic acid
involving pyrimidine nucleotide residues. The cleavage of a variety
of synthetic substrates, of the sort shown in Figure 56, is also cata-
lyzed by the enzyme and forms the basis for a convenient enzymatic
assay. Although its specific role in cell metabolism is, as yet, un-
known, it seems likely that ribonuclease plays an important part in
some aspect of the process of protein biosynthesis (see Chapter 10).
Large quantities of ribonuclease are formed and secreted by the pan-
creas, and the pancreatic enzyme must catalyze extensive hydrolysis
of ribonucleic acid in the intestine.

The structure of bovine pancreatic ribonuclease has been under
study for several years in two laboratories in which, fortunately for
the present illustrative purposes, rather different methods have been
employed toward the same end. As the first step in the study of the
structure of any protein, it is necessary to obtain an accurate set of
analytical data on the amino acid composition of the molecule. Such
data were furnished for ribonuclease by Hirs, Moore, and Stein,? who
established, by careful chromatographic techniques, that the protein
contained 124 amino acid residues. Their results may be expressed
in terms of the formula:

Asp,, Glu,, Gly,, Ala,,, Val, Leu,,

|
15> Thr,, Cys,, Met,, Pro,
Phe,, Tyr,, His,, Lys, , Arg,, (NH,),,

Ileu,, Ser

where each amino acid is indicated by an abbreviation derived from
the first three letters of its name. Most readers of this book will be
familiar with these abbreviated formulas, but for the benefit of those
who are not a complete list is given in Table 3.

104 THE MOLECULAR BASIS OF EVOLUTION

TABLE 3
Amino Acid Composition of Bovine, Pancreatic Ribonuclease?

Number Number
Residues Residues
per per
Molecule Molecule
Amino Abbrevi- (mol. wt. Amino Abbrevi- (mol. wt.
Acid ations*  13,683) Acid ations*  13,683)
Aspartic acid (Asp) 15 Methionine (Met) 4
Glutamic acid  (Glu) 12 Proline (Pro) 4
Glycine (Gly) 3 Phenylalanine  (Phe) 3
Alanine (Ala) 12 Tyrosine (Tyr) 6
Valine (Val) 9 Histidine (His) 4
Leucine (Leu) 2 Lysine (Lys) 10
Isoleucine (Ileu) 3 Arginine (Arg) 4
Serine (Ser) 15 Amide NH; (a7
Threonine (Thr) 10
|
Half-cystine (Cys) 8 Total number of residues 124

Not present in ribonuclease are tryptophan (Try) and cysteine (CySH).
Cysteic acid (CySOzH) is formed by oxidation of cysteine and cystine, and
MetO; by oxidation of methionine. Amide nitrogens are derived from the
side-chain carboxy! groups of glutamic acid and aspartic acid and are generally
indicated as Glu(NH) and Asp(NH,), although abbreviated forms, such
as Gn and An, seem more convenient.

® As suggested by E. Brand and J. T. Edsall, Ann. Rev. Biochem., 16, 224
(1947).

To determine whether or not the 124 amino acids are arranged in
a single, or in multiple, cross-linked polypeptide chains, various
chemical and physical studies were carried out as summarized in
Figure 57. The presence of as many as five cross-linked chains was
possible in ribonuclease since the molecule contained four cystine
residues. The protein was, therefore, oxidized with performic acid,
which converts the sulfur atoms in disulfide bonds into sulfonic acid
groups. Ultracentrifugation and viscosity measurements permitted
calculations which indicated that the oxidized protein had essentially
the same molecular weight as the native protein. The presence of
more than one chain would have been reflected in a marked lower-
ing of the average molecular weight as estimated by these physical
measurements.
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Figure 57. Demonstration of the presence of a single polypeptide chain in bovine
pancreatic ribonuclease. The native molecule is oxidized with performic acid
to yield an extended polypeptide chain. This derivative contains only a single
N-terminal and a single C-terminal end group.
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The single-chain character of the protein was further indicated by
“end group analysis.” The only free a-amino groups in proteins are
those present on the amino acids at the termini of polypeptide
chains. These amino groups may be reacted with reagents such as
dinitrofluorobenzene, which forms a dinitrophenyl (DNP) derivative
of the protein in which (Figure 57) the N-terminal (ie., NH,-termi-
nal) amino acids have been converted to their DNP derivatives.
Such a modified protein may be cleaved with acid or with prote-
olytic enzymes, and the DNP-N-terminal amino acid residue, or pep-
tide, may be isolated and characterized chemically. By this method,
evidence was obtained for only a single free a-amino group in the
protein, present in the sequence Lys.Glu.Thr.Ala. For partial char-
acterization of the C-terminal (i.e., COOH-terminal) end of the pro-
tein, the enzyme carboxypeptidase was used as one of several tools
for the specific cleavage of the peptide bond at this end of the chain.
This enzyme removed valine from ribonuclease, with only traces of
other amino acids. The presence of single N-terminal and C-ter-
minal residues in the protein confirmed the physical evidence for a
single chain.

Hydrolysis of the oxidized chain has been carried out by a variety
of proteolytic enzyme “reagents,” since these tend to catalyze a much
more limitéd number of peptide bond cleavages than do such agents
as mineral acids. Indeed, it now appears that nonspecific hydrolysis
by acids can, in general, be avoided at this stage and is of particular
use only in the subsequent study of the sequence of the smaller pep-
tide subunits produced by preliminary enzymatic attack.

Figure 58 is a schematic outline of two general methods of ap-
proach to the detailed structural analysis of polypeptide chains that
have been applied to the ribonuclease molecule and are of general
applicability. In both techniques the native structure of the protein
is unfolded by cleavage of the disulfide bridges, either by oxidative
methods to yield cysteic acid residues in place of half-cystine resi-
dues, or by reductive cleavage followed by chemical masking of the
resulting sulfhydryl group by some suitable agent such as iodoacetic
acid. (The latter method for cleavage has an intrinsic advantage
over the oxidative method since it can be applied to proteins con-
taining tryptophan,.an amino acid residue which is extremely labile
to the conditions of disulfide oxidation by performic acid.)

In method A one sample is hydrolyzed by trypsin which cleaves
the chain at points following lysine or arginine residues, and another
by chymotrypsin (or some other protease with different specificities
from trypsin). As indicated, a completely different, but overlapping,
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